In relation to expectation and delivery of reward, pyramidal neurons of the prefrontal cortex either switch from a single spiking mode to transient phasic bursting, or gradually increase their sustained tonic activity. Here, we examined how switching between firing modes affects information processing at the corticoaccumbens synapse. We report that increasing presynaptic firing frequency in a tonic manner either depresses or facilitates synaptic transmission, depending on initial probability of release. In contrast, repeated bursts of stimulation of cortical afferents trigger a new form of short-term potentiation of synaptic transmission (RB-STP) in the nucleus accumbens (NAc). RB-STP involves the regulation of axonal excitability mediated by 4-AP-sensitive potassium channels in afferent cortical neurons. Thus, in a tonic mode, information flow is tightly controlled by regulatory mechanisms at the level of presynaptic terminals, whereas switching to a bursting mode reliably enhances efficacy of information processing for all cortical afferents to NAc neurons.
Introduction
The nucleus accumbens (NAc) has been proposed to serve as an interface between the limbic and the motor systems and is involved in motivation, attention, and reward (Mogenson et al., 1980; Kalivas and Nakamura, 1999) . The output pathway of the NAc consists of GABAergic medium spiny neurons (MSNs) that depend on glutamatergic excitatory afferents to generate an action potential (Pennartz et al., 1994) . The NAc receives a dense glutamatergic innervation from the prefrontal cortex (PFC) and from various limbic structures, including the hippocampal formation (Groenewegen et al., 1991) . Cortical projection onto the NAc principally arises from intrinsic bursting pyramidal neurons of layers V-VI in the prelimbic and infralimbic cortical areas (Yang et al., 1996) . These neurons, depending on their membrane potential, display either a tonic action potential discharge or a bursting pattern of activity (Yang et al., 1996) . In vivo, subpopulations of PFC neurons respond in different manners during expectation and delivery of reward (Schultz et al., 2000; Cooper, 2002) ; some neurons switch from a single spiking mode to transient phasic bursting, whereas other neurons gradually increase their sustained tonic activity.
The switch in the pattern of spike discharge may lead to different forms of plastic changes in synaptic transmission in target NAc neurons through several forms of short-term synaptic plasticity (Zucker and Regehr, 2002) . Short-term changes in synaptic strength induced by presynaptic burst activity are commonly thought to be mediated by presynaptic mechanisms such as Ca 2ϩ control of release probability or presynaptic vesicle replenishment (Stevens and Wesseling, 1998; Wang and Kaczmarek, 1998; Fortune and Rose, 2001; Zucker and Regehr, 2002) . It has recently emerged that action potential firing driving synaptic transmission in the CNS may be controlled by regulation of K ϩ channels in the axon and synaptic terminal (Debanne et al., 1997; Dodson et al., 2003; Ishikawa et al., 2003; Debanne, 2004; Meeks and Mennerick, 2004 ), but it is not clear whether this regulation can be involved in short-term plasticity induced by physiologically relevant stimuli.
In this study, we examined whether and how switching from a tonic single-spiking mode to a phasic-bursting mode may influence synaptic transmission in NAc neurons, with physiologically relevant firing patterns of the corticoaccumbens pathway. Our data demonstrate that presynaptic-firing mode controls the cortical excitatory input to the MSNs of the NAc through independent forms of short-term plasticity.
Materials and Methods
Parasagittal brain slices (300 -400 m thick) were prepared from C57BL/6 mice aged 15-25 d. Slices were transferred to a recording chamber in which they were continuously perfused with the oxygenated extracellular medium (95% O 2 and 5% CO 2 ) containing the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 16 glucose, pH 7.4. In some experiments, the extracellular Ca 2ϩ concentration was changed to either 0.5 or 4 mM, as mentioned in Results, without changing the Mg 2ϩ concentration. However, we checked that the observed effects were not attributable to a change in the overall excitability by repeating the experiments with similar Ca 2ϩ /Mg 2ϩ ratio changes, but maintaining the extracellular divalent concentration constant. These controls have not been mentioned in the text, for clarity.
Whole-cell voltage-clamp recordings of visually identified mediumsized neurons in the NAc were made at room temperature with patch electrodes filled with a solution containing the following (in mM): 120 K-gluconate, 20 KCl, 2 MgCl 2 , 1 CaCl 2 , 10 EGTA, 10 HEPES, and 2 Na 2 -ATP, pH 7.3. Electrode resistance was 3.5-5.5 M⍀. Recordings were performed with a computer-driven EPC9 amplifier (Heka, Lambrecht, Germany). Neurons were voltage clamped at a holding potential of Ϫ80 mV for NAc neurons and Ϫ70 mV for PFC pyramidal cells. Recordings of layer V-VI neurons of the prefrontal cortex were performed on frontal slices cut in an oblique plane (10°), as first described by Yang et al. (1996) . Stability of series resistance was controlled throughout the duration of the experiments.
EPSCs were evoked by electrical stimulation (100 -150 s duration) through a bipolar tungsten electrode placed at the prefrontal cortex-NAc border (Pennartz et al., 1993) . Stimulation intensity was set to evoke stable EPSCs over a control period of 5-10 min. In some experiments, minimal intensity stimulations were used to reveal failures of EPSCs. In prefrontal cortex experiments, antidromic responses were evoked using the same stimulation electrode placed in the NAc in the vicinity of the anterior commissure. Bicuculline (10 M) was present throughout all experiments. Data were acquired using the Pulse program (Heka) and analyzed using macros written for Igor (Wavemetrics, Lake Oswego, OR). The statistical significance of the results was assessed by using, in the appropriate case, a Wilcoxon test or a Mann-Whitney test (for paired and unpaired observations, respectively) and ANOVA in the case of multiple comparisons.
All drugs were applied in the perfusion solution. D(-)-2-Amino-5-phosphonopentanoic acid (D-AP-5), bicuculline, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium (NBQX), and 4-aminopyridine (4-AP) were purchased from Fischer Bioblock Scientific (Illkirch, France). Margatoxin, cyclothiazide, and 1,2-bis(2-aminophenoxy)ethane-N, N,NЈ,NЈ-tetra-acetic acid tetrakis AM (BAPTA-AM) were obtained from Sigma-Aldrich Chimie (Saint Quentin-Fallavier, France).
All experiments were conducted with respect to the European directives and the French law on animal experimentation (authorization number 02345/33).
Results
Tonic stimulation triggers a distinct form of short-term synaptic plasticity Pyramidal PFC neurons fire in a tonic mode at various frequencies. We thus examined how a gradual increase in their sustained tonic activity affected synaptic transmission in target NAc neurons. Increasing tonic stimulation of cortical fibers in the low frequency range (from 0.1 to 2 Hz) reversibly affected the amplitude of EPSCs recorded in identified MSNs. Depending on the recorded neuron, this protocol induced either depression or facilitation of EPSCs (range, Ϫ58 to ϩ144%; n ϭ 44) (Fig. 1) . These effects became significant at 0.5 Hz and increased to a plateau value at 1 Hz. For a given neuron, the direction and extent of EPSC amplitude variation was highly reproducible with repetition of the protocol. Similar observations were made when recordings were performed at 33°C (range, Ϫ41 to ϩ 76%; n ϭ 10). Interestingly, increasing the frequency of stimulation from 0.1 to 1 Hz led to a significant decrease in the coefficient of variation (CV) for neurons displaying frequency facilitation (control CV, 0.47 Ϯ 0.05; 1 Hz, 0.37 Ϯ 0.03; n ϭ 22 cells; p ϭ 0.022), although, conversely, it led to a significant increase in the CV for neurons showing depression (control CV, 0.35 Ϯ 0.06; 1 Hz, 0.46 Ϯ 0.08; n ϭ 22; p ϭ 0.025). These data suggest that short-term frequency modulation has a presynaptic origin.
We further investigated whether the direction of frequency modulation was correlated with presynaptic release probability. Shifting frequency from 0.2 to 1 Hz led to facilitation in low release probability conditions (0.5 mM Ca 2ϩ ; mean facilitation, ϩ169 Ϯ 51%; n ϭ 6; p ϭ 0.028), and to depression in high release probability conditions (4 mM Ca 2ϩ ; mean depression, Ϫ29 Ϯ 6%; n ϭ 6; p ϭ 0.028) (Fig. 2 A, B) . CV values were significantly higher for low (CV ϭ 1.3 Ϯ 0.2; n ϭ 6) than for high release probability conditions (CV ϭ 0.15 Ϯ 0.01; n ϭ 6; p ϭ 0.002), with a linear correlation between the extent of frequency modulation and initial CV ( p Ͻ 0.001) (Fig. 2C) . To confirm that frequency facilitation or depression in normal conditions (2 mM Ca 2ϩ ) depended on the initial presynaptic release probability state, we directly compared both parameters in single cells. Presynaptic release probability was determined according to the method described by Clements (2003) . The variance and the mean of EPSC amplitudes were determined under different extracellular Ca 2ϩ concentrations to calculate the initial presynaptic release proba- bility in 2 mM Ca 2ϩ (Fig. 2 D, E) . The extent of frequency facilitation or depression was also measured in the same cells. Plotting frequency modulation as a function of initial presynaptic release probability for all cells tested (Fig. 2 F) confirmed that the direction of tonic low-frequency modulation (facilitation or depression) depended on initial presynaptic release probability. Considering this, the various levels of short-term plasticity expressed in control conditions (Fig. 1C ) seem to reflect a large heterogeneity in release probability at corticoaccumbens synapses. Similar frequency-dependent short-term plasticity was also observed for a higher stimulation rate. Short trains of stimuli at a frequency of 12.5 Hz led to a facilitation that stabilized at ϩ210 Ϯ 58% (n ϭ 8) in low release probability conditions (0.5 mM Ca 2ϩ ) and to a depression in high release probability conditions (4 mM Ca 2ϩ ) (mean depression, Ϫ72 Ϯ 3%; n ϭ 4) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material).
Short-term synaptic potentiation induced by repetitive bursts of cortical stimulation PFC pyramidal neurons can also fire in bursts with an intraburst frequency ranging between 10 and 15 Hz (Yang et al., 1996) . To investigate how this physiologically relevant presynaptic activity may alter synaptic efficacy in postsynaptic MSNs, we stimulated cortical afferent fibers with bursts of six stimuli evoked at 12.5 Hz. Test EPSCs evoked 5-20 s after the end of the burst were significantly larger, compared with the first EPSC of the burst (Fig. 3 ). This increase in EPSC amplitude peaked at 5-10 s after the end of the train and recovered to control values within 30 s (mean EPSC amplitude increase at 5 s, ϩ27 Ϯ 9%; n ϭ 8; p ϭ 0.017) (Fig. 3B) . In control conditions, EPSC amplitude within bursts either facilitated or depressed, as observed with tonic low-frequency modulation (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). However, EPSC amplitude displayed a positive rebound 5 s after the end of the burst, whatever the direction of intraburst modulation (Fig. 3A) . In presynaptic pyramidal cells, bursts of activity occur in a repetitive manner. Repetition of the bursts every 5 s led to a prominent cumulative increase in synaptic transmission (Fig. 4 A) that saturated after 5-10 bursts to reach a level of facilitation of ϩ56 Ϯ 13% (n ϭ 44), and fully recovered to control values after 2-10 min (Fig. 4 A) . This form of short-term potentiation caused by repetitive bursts (named RB-STP in the rest of the article) was maximal for a 5 s interval between the bursts (Fig. 4C ). Similar observations were made at 33°C (ϩ51 Ϯ 14% facilitation; n ϭ 6), except for the recovery, which never exceeded 2 min. Cumulative increase of the amplitude of the first EPSC in the train was accompanied with a concomitant decrease in paired-pulse ratio (PPR) measured on the two first EPSCs of the train (Fig. 4 B) . These results, in addition to the analysis of the CV of EPSC amplitude (data not shown), support the idea of a presynaptic locus for this form of short-term plasticity (Faber and Korn, 1991; Casassus and Mulle, 2002) .
We examined whether RB-STP was correlated with initial presynaptic release probability by varying extracellular Ca 2ϩ concentration. The extent of RB-STP was not different in high (4 mM Ca 2ϩ ) or low (0.5 mM Ca 2ϩ ) release probability conditions (mean facilitation, low Ca 2ϩ , ϩ56 Ϯ 14%, n ϭ 6; high Ca 2ϩ , ϩ66 Ϯ 35%, n ϭ 7) (Fig. 5A ). In addition, preincubating the slices for 1 h with BAPTA-AM (50 M) to lower intracellular Ca 2ϩ and to prevent Ca 2ϩ accumulation in presynaptic terminals, failed to inhibit RB-STP (mean facilitation, ϩ53 Ϯ 21%; n ϭ 7) (Fig. 5A) . Thus, RB-STP does not appear to depend on initial release probability and Ca 2ϩ influx. Tonic short-term plasticity direction depends on initial presynaptic release probability. A, In a given neuron, increasing stimulation frequency from 0.2 to 1 Hz led to facilitation of EPSCs in low release probability conditions (extracellular Ca 2ϩ , 0.5 mM) and to depression in high release probability conditions (extracellular Ca 2ϩ , 4 mM). B, Average facilitation or depression obtained for six neurons in the two release probability conditions. Error bars indicate SE. C, The extent of changes in EPSC amplitude during tonic short-term plasticity strongly correlated with the initial CV value (measured before shifting frequency to 1 Hz). D, Sample experiment showing the protocol used to determine the relationship between frequency modulation of evoked EPSC amplitude and initial release probability. Frequency modulation was first determined in 2 mM extracellular Ca 2ϩ (depression in this example). EPSC amplitude means and variances were subsequently measured in various release probability conditions (here, 0.5 and 4 mM extracellular Ca 2ϩ , both leading to a decrease in EPSC amplitude variance). E, From the experiment shown in D, variances were plotted as a function of EPSC mean amplitude for each extracellular Ca 2ϩ condition and fitted with a parabola of the following equation:
where Q is the weighted averaged quantal response, and CV, , and P are the coefficient of variation, the mean amplitude, and the probability of release in 2 mM Ca 2ϩ conditions, respectively (Clements, 2003) . In the sample experiment shown here, Q ϭ 22 pA, CV ϭ 1.08, ϭ 107 pA, and P ϭ 0.704. F, EPSC amplitude changes induced by increasing frequency stimulation from 0.2 to 1 Hz were plotted as a function of initial probability of release for all cells tested. Data points were fitted with a linear regression (r ϭ Ϫ0.63).
RB-STP involves inhibition of 4-AP-sensitive K
؉ channels We investigated the potential role of K ϩ channels by incubating the slices with the broad spectrum K ϩ -channel blocker 4-AP. Experiments were conducted with 0.5 mM Ca 2ϩ in the extracellular medium to prevent overactivation of synaptic transmission. Bathing the slices with 4-AP (100 M) totally prevented RB-STP (Fig. 5B ) (in 4-AP, mean EPSC amplitude vs control, 85 Ϯ 8%; n ϭ 7; ANOVA; p ϭ 0.91). These experiments point to a critical role of K ϩ channels. To further examine the nature of K ϩ channels involved, we applied varying concentrations of 4-AP and found that RB-STP was highly sensitive to 4-AP, with an IC 50 value of 23 M (Fig. 5C ). K ϩ channels containing either Kv1 or Kv3 ␣ subunits families display a relatively high sensitivity to 4-AP (submillimolar) (Coetzee et al., 1999) . Among them, Kv1.5 and Kv3.1 are the only subunits reported to be sensitive to 4-AP with an IC 50 Ͻ 100 M. To distinguish between these two subunits, we used tetraethylammonium (TEA), which potently inhibits Kv3 subunits (as well as Kv1.1). TEA, at a concentration of 10 mM, was ineffective in inhibiting RB-STP (Fig. 5A ). Similarly, margatoxin (100 nM), a selective blocker of Kv1.3 and Kv1.6, and tityustoxin (100 nM), a selective blocker of Kv1.2, did not affect RB-STP. Therefore, Kv1.5-containing potassium channels, which are highly sensitive to 4-AP but insensitive to TEA, appear as likely candidates involved in this form of short-term plasticity.
RB-STP involves an increase in the excitability of presynaptic axons
To investigate whether RB-STP involved regulation of axonal excitability, we directly recorded from PFC pyramidal neurons of layers V-VI projecting to the NAc. We used frontal cortical slices cut in an oblique plane (10°) that preserve PFC neurons and their afference to the NAc (Yang et al., 1996) . A bipolar stimulation electrode placed in the NAc evoked antidromic action currents in PFC neurons in the presence of the ionotropic glutamate receptor antagonists NBQX (20 M) and D-AP-5 (50 M). PFC neurons with antidromic responses were intrinsic bursting pyramidal neurons with an initial spike doublet and a depolarizing afterpotential in response to a depolarizing pulse (Fig. 6 A) (Yang et al., 1996) . Stimulation intensity in control conditions (1 pulse, 0.2 Hz) was adjusted to evoke a low success rate of antidromic action currents (Fig. 6 B, C) . Repetitive bursts of stimuli in the NAc (6 pulses; 12.5 Hz; 5 s interval) reversibly increased the success rate of antidromic action currents measured at the first pulse of the burst from 22 Ϯ 5 to 55 Ϯ 15% (n ϭ 6; ANOVA; p ϭ 0.036) (Fig.  6C ). In addition, RB-STP significantly reduced the variability of the latency of antidromic action potentials (CV control, 0.040 Ϯ 0.018; CV during RB-STP, 0.022 Ϯ 0.004; n ϭ 6; p ϭ 0.02), suggesting an enhancement of excitability or a change in the reliability of action potential propagation during RB-STP. Incubation of the slices with 4-AP (100 M) had a direct effect on axonal excitability (Fig. 6 D) , increasing the success rate from 29 Ϯ 4 to 81 Ϯ 11% (n ϭ 3; ANOVA; p ϭ 0.027), thus mimicking RB-STP. The effect of 4-AP was not reversible within the time of the experiment. In similar conditions, TEA (10 mM) had no effect (data not shown). In the presence of 4-AP, a series of bursts of stimulation applied in the NAc was ineffective in increasing the success rate of action currents (Fig. 6 E) . Instead, a decrease of the success rate from 39 Ϯ 11 to 18 Ϯ 9% (n ϭ 5) was observed.
Application of 4-AP did not broaden the recorded action current, did not affect the threshold for spike discharge, and did not change miniature EPSC frequency recorded in NAc neurons (supplemental Fig. 2 A-E, available at www.jneurosci.org as supplemental material), as might be expected if this effect was mediated by depolarization of the synaptic terminal. However, 4-AP increased spontaneous EPSC frequency and evoked EPSC amplitude, as expected from the effects on action potential occurrence in the presynaptic axons (supplemental Fig. 2 E, available at www. jneurosci.org as supplemental material). In contrast to RB-STP, the acute effects of 4-AP on evoked EPSC rise and decay time appeared to depend on external Ca 2ϩ concentrations (data not shown), suggesting that 4-AP affects synaptic transmission by several distinct mechanisms. Nevertheless, in the presence of 4 mM Ca 2ϩ , 4-AP (30 M) increased evoked EPSC amplitude (ϩ42 Ϯ 14%; n ϭ 5; p ϭ 0.03) and occluded RB-STP, in the absence of a detectable effect on the rise and decay time of EPSCs (control vs 4-AP, 10 -90% rise time ϭ 2.2 Ϯ 0.5 ms vs 2.3 Ϯ 0.5 ms, n ϭ 5, p ϭ 0.53; decay time, ϭ 5.9 Ϯ 0.6 vs 5.9 Ϯ 0.6 ms, n ϭ 5, p ϭ 0.86) (supplemental Fig. 2 E, available at www. jneurosci.org as supplemental material). Surprisingly, we observed a slight lengthening of evoked EPSC latency (ϩ0.2-0.5 ms; p ϭ 0.003), an effect that may be related to partial sodiumchannel inactivation in the axon. Together, these data suggest that RB-STP is mediated by an inhibition of K ϩ channels and results from an increase in axonal excitability rather than from a change in the presynaptic action potential waveform. To test whether RB-STP decreased spike propagation failures rather than favored spike triggering at the site of stimulation, we examined RB-STP in minimal stimulation conditions. If RB-STP increased spike triggering, it should induce the recruitment of additional fibers and should lead to a concomitant decrease in the failure rate and an increase in synaptic potency (amplitude of EPSCs excluding failures). As shown in Figure 7 , RB-STP protocols led to a decrease in failures (Ϫ43 Ϯ 8%; n ϭ 9; p Ͻ 0.001). However, no significant change in synaptic potency (ϩ6 Ϯ 6%; n ϭ 9; p ϭ 0.36) was observed. Thus, this result is in favor of a decrease in failure of spike propagation as the mechanism of RB-STP rather than an increase of spike triggering at the site of stimulation.
Functional consequences of mode switching versus gradual increase in tonic activity
We compared, in the same cells, the effects of increasing stimulation frequency from a tonic 0.2 Hz stimulation to an average stimulation of 1 Hz in two different conditions: either with a shift to a regular tonic pattern or with a switch to a phasic burst pattern. As described above, a tonic shift of stimulation frequency from 0.2 to 1 Hz induced either facilitation (Fig. 8 A) or depression (Fig. 8 B) , and the direction of the changes likely depends on initial release probability. In contrast, regardless of the initial release probability, switching from a tonic to a phasic burst pattern (with the same average stimulation frequency) induced a cumulative enhancement of synaptic transmission (Fig. 8 A, B) . Thus, both tonic short-term plasticity and RB-STP can occur independently in the same neuron. As a result, tonic short-term plasticity tends to level synaptic strength (high-probability synapses being decreased and low-probability synapses being increased), whereas RB-STP increases synaptic transmission in all neurons, whatever the initial state of release probability (Fig. 8C) .
Discussion
In the present study, we described two new forms of short-term synaptic plasticity at the corticoaccumbens pathway. These two forms of plasticity, which occur within the same physiological range of firing frequency, function independently. Increasing presynaptic activity in a tonic manner either depresses or facilitates synaptic transmission. Inversely, repetitive bursts of presynaptic activity enhance corticoaccumbens synaptic transmission in all neurons, likely through the regulation of axonal potassium channels. Thus, we provide evidence that short-term synaptic plasticity at this synapse not only depends on the global rate of firing of presynaptic afferents, but is critically conditioned by the pattern of presynaptic activity.
Tonic presynaptic activity controls calcium-dependent shortterm plasticity at the corticoaccumbens synapse We report that tonic stimulation of cortical afferents triggers either frequency facilitation or depression in medium-sized neurons of the NAc. This short-term synaptic modulation occurs within a physiological range of frequencies for cortical pyramidal neurons. As previously reported for 10 Hz stimulation (Lape and Dani, 2004) , this form of plasticity is likely presynaptic in origin, and it is sensitive to the concentration of extracellular Ca 2ϩ . As in the majority of other synapses studied, frequency facilitation probably results from accumulation of residual Ca 2ϩ induced by previous action potential invasion in the synaptic terminal. Simple models of presynaptic release events predict that short-term synaptic facilitation generally occurs at synapses exhibiting low release probability, whereas high release probability synapses frequently present activity-dependent depression (Fortune and Rose, 2001 ). Release probability is mostly heterogeneous among individual synapses in the CNS (Hessler et al., 1993; Murthy et al., 1997) , as also shown here for corticoaccumbens synapses. Our results indicate that the extent and direction of facilitation depends on the initial release probability of individual corticoaccumbens synapses. The functional consequence of a tonic increase in presynaptic afferent firing rate will be to level input strength from populations of synapses with different release probability states, because active synapses will tend to be depressed and less active synapses will tend to be facilitated.
A novel form of short-term plasticity involving axonal K ؉ channels We described a new form of short-term plasticity, RB-STP, which relies on the regulation of axonal K ϩ channels. RB-STP is triggered by repetitive bursts of presynaptic activity within a physiological range of firing frequencies. RB-STP is presynaptic in origin, as indicated by changes in CV and paired-pulse ratio. RB-STP appears independent of extracellular Ca 2ϩ concentration and overall excitability because of changes in total divalent concentrations, and is not affected by preincubation with the Ca 2ϩ chelator BAPTA-AM. However, RB-STP is highly sensitive to 4-AP, suggesting an involvement of K ϩ channels. Repetitive burst firing prominently increases the success rate of antidromic action potentials recorded in corticoaccumbens neurons and significantly reduces the variability of the latency of antidromic action potentials, indicating an increase in axonal excitability. This effect is mimicked by 4-AP, which occludes RB-STP. Although Figure 7 . RB-STP induces a decrease in EPSC failures without changes in synaptic potency. A, Sample experiment in which cortical fiber stimulation intensity was adjusted to obtain ϳ50% of EPSCs but all with similar amplitudes. In these minimal stimulation conditions, RB-STP induces a decrease in the number of failures but EPSCs remained all in the same range of amplitude (i.e., synaptic potency remained constant). The frequency of stimulation was 0.2 Hz, and controls were performed to ascertain that decreasing and increasing stimulation intensity led to failures only and increased synaptic potency, respectively. B, Percentage of EPSC failures under minimal stimulation conditions before (control), during (RB-STP), and after (recovery) RB-STP, for each of the nine cells tested. C, Mean EPSC potencies under minimal stimulation conditions before (control), during (RB-STP), and after (recovery) RB-STP, for each of the nine cells tested.
this does not imply that RB-STP directly relies on 4-AP-sensitive channel activity, we were not able to detect any sign of indirect 4-AP effects that may explain RB-STP occlusion. For instance, 4-AP does not change the threshold and duration of action potentials recorded in the soma of presynaptic neurons, nor does it affect miniature EPSC frequency. We propose that RB-STP reflects changes in the reliability of axonal propagation. An alternative explanation might be that 4-AP and RB-STP increase spike initiation successes at the site of stimulation. Although recruitment of additional fibers cannot be formally ruled out, our data showing that RB-STP was related to a decrease in EPSC failure rate without significant changes in EPSC potency rather suggest an increase in spike propagation reliability. Lape and Dani (2004) recently reported strong reduction of the glutamatergic frequency facilitation in the NAc by 4-AP, similar to those observed in high extracellular Ca 2ϩ condition. These results are consistent with a presynaptic locus of 4-AP action; however, they do not discriminate between direct changes in release probability and upstream effects on axonal properties. Likewise, we cannot directly rule out that RB-STP affects the action potential waveform in synaptic terminals. However, it would then be expected that the level of extracellular Ca 2ϩ influences RB-STP. In addition, 4-AP affects evoked EPSC amplitude without changing rise and decay times when recorded in high extracellular Ca 2ϩ . Overall, our data provide evidence for a form of short-term plasticity induced by regulation of axonal K ϩ channels, which had been previously hypothesized (Debanne, 2004) . We propose that repetitive stimulation of corticoaccumbens axons leads to cumulative K ϩ -channel inactivation. In hippocampal slice cultures, A-type K ϩ channels control axonal action potential propagation (Debanne, 2004) . Inactivation of A-type K ϩ channels increases spike occurrence at the presynaptic terminal and therefore decreases the paired-pulse ratio (Debanne et al., 1999) , as observed with RB-STP. Short, repetitive depolarization pulses result in cumulative inactivation of Kv1.4 A-type K ϩ channels in the frequency range used within bursts (Roeper et al., 1997) . Recovery from inactivation of Kv1.4 channels is known to comprise a fast (millisecond time range) and a slow (several seconds) component resulting from N-type and C-type inactivated states recovery (Baukrowitz and Yellen, 1995; Roeper et al., 1997) . The biophysical properties of A-type K ϩ channels are thus compatible with an involvement in RB-STP. However, recovery from RB-STP can take up to several minutes, a time range that appears different from that of recovery from inactivation of A-type K ϩ channels. Activation of A-type K ϩ channels with repetitive bursts, such as used in the present study, might lead to more profound inactivation with a longer time course of recovery. Additional mechanisms, such as phosphorylation (Roeper et al., 1997) or binding of Kv ␤ subunit to the K ϩ channel (Castellino et al., 1995) , might also slow down recovery from inactivation. We do not exclude that other mechanisms might also contribute to RB-STP.
Although the identity of the K ϩ channels involved is not precisely known, high sensitivity of RB-STP to 4-AP and insensitivity to TEA strongly suggest an involvement of Kv1.5 ␣-subunitcontaining K ϩ channels (Coetzee et al., 1999) . Transcripts for these channels are detected in pyramidal neurons (Pan et al., 2004 ) and the NAc is labeled with a Kv1.5-specific antibody (Chung et al., 2000) . However, homomeric Kv1.5 channels form functional, delayed rectifier K ϩ channels presenting a slowinactivating rate with poor cumulative properties (Coetzee et al., 1999; Kurata et al., 2001; Song, 2002) . In a heterologous system, heteromeric assembly of Kv1.5 and Kv1.4 ␣ subunits forms functional channels expressing A-type-like inactivation and recovery from inactivation properties. Kv ␤ subunit binding to homomeric Kv1.5 also confers rapid A-type inactivation properties on this noninactivating K ϩ channel (Sewing et al., 1996) . Finally, Kv ␤ targets Kv1-containing K ϩ channels to axons (Gu et al., 2003) . Based on our pharmacological data and on previous studies with recombinant K ϩ channels, we propose that axonal A-type-like K ϩ channels composed of Kv1.5 assembled with either Kv1.4 or with a Kv ␤ subunit are involved in RB-STP.
We propose that repetitive burst-induced inactivation of A-type K ϩ channels leads to synaptic potentiation through an increased reliability of spike propagation. Whether naturally triggered action potentials at the axon initial segment may be subject to conduction failures is, however, a matter of debate, and this probably varies between pathways, physiological conditions, and axonal geometry (Debanne et al., 1999; Debanne, 2004) . To our knowledge, there is no evidence demonstrating that action potential propagation in corticoaccumbens fibers is highly secure or not. An additional potential consequence of axonal A-type K ϩ - Figure 8 . Functional consequences of mode switching to phasic stimulation versus gradual increase in tonic frequency. A, B, Cortical stimulation frequency was first increased from a tonic 0.2 Hz stimulation to a tonic 1 Hz stimulation. Then cortical stimulation was switched to a phasic mode while maintaining an average 1 Hz stimulation. This protocol was successively applied in the same neuron in low (Ca 2ϩ ; 0.5 mM) and high (Ca 2ϩ ; 4 mM) release probability conditions. Shifting tonic stimulation from 0.2 Hz ("0.2 Hz tonic"; open circles) to 1 Hz ("1Hz tonic"; filled squares) led to facilitation or depression depending on release probability conditions. In contrast, for the same average frequency, switching to repetitive burst stimulations ("1 Hz phasic"; filled circles) increased EPSC amplitude in both release probability conditions. C, Scheme summarizing how the pattern of presynaptic discharge drives changes in synaptic strength in the corticoaccumbens pathway. Error bars indicate SE.
channel inactivation by an RB-STP-type mechanism is a change in the delay of action potential initiation, leading to increased temporal fidelity (Mahon et al., 2003) . In support of this notion, we observed that RB-STP significantly reduced the variability of the latency of antidromically recorded action potentials.
Mode-switching versus gradual increase in tonic activity
The results presented here provide new insight into mechanisms by which glutamatergic cortical inputs to the NAc are modulated by the temporal pattern of presynaptic action potential discharge. The PFC plays a key role in working-memory maintenance and reward processes (Miller and Cohen, 2001) . In vivo recordings of prefrontal neurons during goal-directed tasks reveal tonic and phasic changes in activity, depending on prediction, presentation, or delivery of reward (Schultz et al., 2000; Cooper, 2002) . Consistent with a high functional interplay between PFC and the NAc region in reward-related processes, simultaneous recording of PFC and NAc neurons reveals a strong correlated activity during cocaine-seeking behavior (Chang et al., 2000) . Considering that a large majority of PFC neurons contacting the NAc display intrinsic bursting properties (Yang et al., 1996) , switching presynaptic cortical activity from a tonic to a phasic burst pattern will play a major role in driving NAc activity by rapid and reversible changes in the efficacy of corticoaccumbens synaptic transmission. The NAc has been proposed as a collection of neuronal "ensembles" synchronized by a specific set of excitatory inputs (Pennartz et al., 1994) . Functionally segregated circuits link the basal ganglia and neocortex, and processing of information within and between these circuits is largely parallel in nature. For instance, separate populations of NAc neurons differentially encode information about natural reinforcers (food and water) and cocaine (Carelli et al., 2000) . Because of this functional segregation, reliable enhancement of sets of excitatory synaptic inputs might contribute to activation of functionally coherent neuronal populations and help encode specific information. At the corticoaccumbens synapse, switching from tonic activity to repetitive bursts reliably increases the efficacy of synaptic transmission for all afferent fibers, independently of the initial presynaptic state. Thus, RB-STP might be involved in the overall increase in synaptic transmission in sets of functionally correlated neurons, if presynaptic neurons fire in a bursting mode. In contrast, an increase in tonic stimulation of cortical afferents triggers, in NAc neurons, either frequency facilitation or depression, depending on initial presynaptic release probability. A tonic increase in presynaptic afferent firing rate will thus level input strength from populations of synapses with different release probability states. Tonic activity-dependent plasticity might also favor the activation of a neuronal subpopulation presenting initial low release probability of excitatory input. Then, hypothetically, the two short-term synaptic-plasticity processes described here could contribute in different ways to the functional response of the NAc in rewardrelated processes. Recent data revealed a critical implication of the corticoaccumbens pathway in addiction processes. Reinstatement of cocaine-seeking behavior by cocaine priming was demonstrated to result from an increase in corticoaccumbens AMPAmediated glutamate transmission (Cornish and Kalivas, 2000; Park et al., 2002; McFarland et al., 2003) . A thorough evaluation of dynamic changes in glutamatergic corticoaccumbens transmission is thus essential to understanding addictive processes.
